A number of neurological disorders arise from perturbations in biochemical signaling and protein complex formation within neurons. Normally, proteins form networks that when activated produce persistent changes in a synapse's molecular composition. In hippocampal neurons, calcium ion (Ca 2+ ) flux through N-methyl-D-aspartate (NMDA) receptors activates Ca 2+ /calmodulin signal transduction networks that either increase or decrease the strength of the neuronal synapse, phenomena known as long-term potentiation (LTP) or long-term depression (LTD), respectively. The calcium-sensor calmodulin (CaM) acts as a common activator of the networks responsible for both LTP and LTD. This is possible, in part, be- 
/calmodulin signal transduction networks that either increase or decrease the strength of the neuronal synapse, phenomena known as long-term potentiation (LTP) or long-term depression (LTD), respectively. The calcium-sensor calmodulin (CaM) acts as a common activator of the networks responsible for both LTP and LTD. This is possible, in part, because CaM binding proteins are "tuned" to different Ca 2+ flux signals by their unique binding and activation dynamics. Computational modeling is used to describe the binding and activation dynamics of Ca 2+ /CaM signal transduction and can be used to guide focused experimental studies. Although CaM binds over 100 proteins, practical limitations cause many models to include only one or two CaM-activated proteins. In this work, we view Ca 2+ /CaM as a limiting resource in the signal transduction pathway owing to its low abundance relative to its binding partners. With this view, we investigate the effect of competitive binding on the dynamics of CaM binding partner activation. Using an explicit model of Ca 2+ , CaM, and seven highly-expressed hippocampal CaM binding proteins, we find that competition for CaM binding serves as a tuning mechanism: the presence of competitors shifts and sharpens the Ca 2+ frequency-dependence of CaM binding proteins. Notably, we find that simulated competition may be sufficient to recreate the in vivo frequency dependence of the CaM-dependent phosphatase calcineurin. Additionally, competition alone (without feedback mechanisms or spatial parameters) could replicate counter-intuitive experimental observations of decreased activation of Ca 2+ /CaM-dependent protein kinase II in knockout models of neurogranin. We conclude that competitive tuning could be an important dynamic process underlying synaptic plasticity. PLOS ) is well-recognized as an important second messenger in cellular signaling. One of the most widely expressed Ca 2+ binding proteins, calmodulin (CaM), is a highly conserved protein in the EF-hand family [1] (Fig 1A) . CaM has over 100 reported downstream binding proteins, including enzymes that regulate a variety of cellular functions, such as neurotransmitter release in presynaptic neuronal axons [2] , insulin secretion in the pancreas [3] , and contractility in muscle [4] . Ca
2+
-dependent signaling in postsynaptic dendrites of excitatory neurons has been the frequent subject of computational studies (see a recent review [5] ). Indeed, it comprises an ideal system for mathematical modeling. Its parameters (molecular concentrations and kinetic rate constants) have been measured using controlled experiments, and experimental interest has produced an abundance of published values for model parameterization [4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Two highly-studied functions of synaptic Ca 2+ signaling are the induction and maintenance of long-term potentiation (LTP) and long-term depression (LTD) /CaM complexes that bind and thereby activate downstream proteins ( Fig 1C) [30]. Upon activation, these CaM-dependent proteins, which include a variety of enzymeskinases, phosphatases, cyclases, and synthases-initiate protein signaling cascades that differentially modulate gene transcription, actin polymerization, and AMPA receptor trafficking.
The frequency [31] , amplitude, duration, and location [32] of Ca 2+ fluxes determine the pattern of activation of CaM-dependent enzymes and, in turn, the fate of the synapse. For example, 1 Hz stimulation for 10-15 minutes both increases activation of the CaM-dependent phosphatase calcineurin (CaN, or PP3) [33] and induces NMDAR-dependent LTD [34] . On the other hand, 100 Hz stimulation for 1 second increases Ca 2+ /CaM-dependent protein kinase II (CaMKII) activation and induces NMDAR-dependent LTP [35] . These and similar observations have led to the consensus that kinase cascades induce LTP, while phosphatase cascades induce LTD [36] . But more recent studies have found that CaN may also contribute to LTP induction [37] , and that activated CaMKII can promote LTD [38] . These results suggest that normal initiation and maintenance of LTP and LTD do not simply depend on the Boolean activation of kinases or phosphatases in response to a given Ca 2+ signal, but rather on the precise activation of a variety of often-counteracting proteins. Therefore, elucidation of the mechanisms that regulate NMDAR-dependent long-term plasticity depends on a complete understanding of the endogenous tuning mechanisms that pair precise patterns of enzyme activation to certain Ca 2+ signals.
Computational studies have demonstrated the role of binding dynamics [39] , feedback loops [40] , and spatial effects [41] 
Results

Model development
Model structure. binding event, for which further details are discussed in S1 Appendix. In the present study, we construct both model types and simulate CaM-binding of seven proteins implicated in hippocampal-dependent memory and long-term plasticity [35] [36] [37] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] . We find that differences in the output of the four-and nine-state models are negligible for the purposes of this work ( Fig S1 and -binding induced structural changes on CaM could be thought of as increasing the probability of successful binding to a target protein, which would translate to an increased association rate. Thus, we implement an assumption that Ca 2+ -binding changes the association, but not , rate of CaM to most of its binding partners (with the exception of Ng). It should be noted that it is likely that the increases in affinity discussed above come from changes in both the association and dissociation rate constant parameters. Current experimental techniques are unable to measure the kinetic rate constants of apo-CaM binding to target proteins (again, with the exception of Ng), and so the exact quantitative values or even relative changes in affinity and dissociate rate constants are unknowable at this time. The assumptions implemented here are our best-educated interpretation of current biophysical understanding of Ca 2+ , CaM and CaMtarget binding.
Published rate constant values that were obtained using full-length proteins are used preferentially over those for oligopeptides, but oligopeptide values are included in setting the physiological ranges for sensitivity analyses. Values for simulations are the geometric means of published values, or derived values (listed in S1 Table) . Geometric means were chosen as opposed to arithmetic means so that outlier values less significantly biased the parameter values in the simulations.
Adenylyl Cyclase Type I and VIII (AC1 and AC8). AC1 and AC8 are 123 kDa and 135 kDa [82] membrane-spanning enzymes expressed in the CA1 pyramidal cells of mammalian hippocampus [83, 84] . The primary function of both AC1 and AC8 is the formation of the second messenger cyclic-AMP from ATP [85] . CaM activation of AC1 is dependent upon the binding of Ca 2+ /CaM [86] to a single site in its C 1b domain [87] . Work by D. Cooper and colleagues has shown that CaM binding to the C 1b domain on AC1 requires participation from both the N-and C-lobes of CaM [6, 88] . CaM activation of AC8 is also dependent upon Ca 2+ / CaM-binding [84] , but unlike AC1, each AC8 enzyme contains binding sites at both its N-terminus and C 2b domain [89] . C 2b -binding is the major contributor to CaM-dependent activation of AC8 and can be substantially activated by binding of the Ca
2+
-bound N-lobe of CaM [6, 88] . A peptide derived from AC8-C 2b was able to pull down a CaM with mutations that prohibited Ca 2+ -binding at the C-lobe at similar levels to WT CaM [6] ; indicating that the N-lobe of CaM mediates most of the binding interaction between CaM and the C-terminus of AC8 (AC8-Ct). In contrast, similar pulldown experiments indicate that CaM binding to the N-terminus of AC8 (AC8-Nt) is mediated by the C-lobe of CaM [6] . CaM binding to AC8-Nt does not activate AC8's enzymatic activity [6] , but has been suggested but CaM-binding at the N-terminus may support activation by increasing the local CaM concentration in a "CaM trapping" mechanism [89] . Each of these binding sites associates to Ca 2+ /CaM in a 1:1 stoichiometry [90] . Therefore, we model AC8 as a pair of distinct targets, AC8-Nt and AC8-Ct. The concentrations of AC1 and AC8 in CA1 pyramidal cells have been estimated at 42.2 and 41.9 μM, respectively [41] . For all simulations, a concentration of 42 μM is used for AC1, AC8-Nt, and AC8-Ct. All kinetic parameters are either obtained from literature [6, 41] or calculated using previously-described assumptions.
Calcineurin (CaN).
CaN is a 78 kDa [7] , PSD-associated [91] enzyme expressed in the CA1 pyramidal cells of mammalian hippocampus [92] . As a heterodimer [93] , CaN activation is dependent upon both the association of the catalytic subunit CaNA to the regulatory subunit CaNB as well as the binding of CaNA to Ca 2+ /CaM [10] to CaNB are neglected in our model. CaN dephosphorylates the residues of many cellular proteins, including AMPA receptors, NMDARs, protein kinase A, and inhibitor-1 [95] . The concentration of CaN in the hippocampus is 36.4 mg of protein per kg of tissue [96] . Assuming an average protein concentration of 100 mg/mL, or 10% by mass [39] , the density of CaN in hippocampus was calculated at 36.4 μg/mL, corresponding to a concentration of 0.47 μM. Here, a concentration of 0.5 μM is used. All kinetic parameters are either obtained from literature [7, 8, 10] or calculated based on previously-described assumptions. Ca2+/CaM-dependent protein kinase II (CaMKII). CaMKII is a PSD-associated [97] enzyme expressed in CA1 pyramidal cells of the mammalian hippocampus [98] . As a 650 kDa dodecamer, CaMKII is composed of twelve catalytic subunits [99] . In the hippocampus, the alpha isoform of CaMKII comprises approximately two-thirds of these subunits, while the beta isoform constitutes the remaining one-third [99] . The activation of each of these subunits is dependent upon the binding of Ca 2+ /CaM [100] in a 1:1 stoichiometry [101] , such that the full dodecamer binds Ca 2+ /CaM in a 1:12 ratio [102] . CaMKII phosphorylates the residues of many cellular proteins, including synapsin I, pyruvate kinase, phenylalanine hydroxylase, tyrosine hydroxylase, phospholamban, MLCK, and MAP-2 [103] . CaMKII monomers can also phosphorylate intramolecular neighbors in an autophosphorylation process [104] . The resulting autophosphorylated CaMKII, termed autonomous CaMKII, remains partially active even after dissociating from Ca 2+ /CaM [105] . Because our model is non-spatial and generally ignores catalytic processes, CaMKII is modeled in its monomeric form (i.e., as separate, independent subunits). The local concentration of catalytic CaMKII subunits in the dendritic spines of CA1 pyramidal cells has been previously estimated at 74 μM [39] . All kinetic parameters are obtained from literature [39] .
Myosin light chain kinase (MLCK).
MLCK is a 146 kDa [106] enzyme expressed in CA1 hippocampal dendrites [69] . Its activation is dependent upon the binding of Ca 2+ /CaM [107] in a 1:1 stoichiometry [108] . MLCK phosphorylates the regulatory light chain of the molecular motor myosin II [109] . The concentration of MLCK in the hippocampus has not been measured, but it has been observed to be much less than that in smooth muscle [110] , where its concentration is about 50 μM [111] . Therefore, its concentration in CA1 pyramidal cells is estimated as one order-of-magnitude less, or 5 μM. Because the amino acid sequence of neuronal MLCK is almost identical to that of smooth muscle MLCK [110] , we used the kinetic parameters of smooth muscle MLCK in our model. All kinetic parameters are either obtained from literature [4, 11, 13, 14] or calculated based on previously-described assumptions.
Neurogranin (Ng). Ng is a 7.8 kDa [112] , membrane-associated [113] protein expressed in high quantities in the dendritic spines of CA1 pyramidal cells in the mammalian hippocampus [114] . Ng binds apo-CaM in a 1:1 stoichiometry [115] . It has no enzymatic function [116] but has been found to localize CaM to the cell membrane [117] , theoretically resulting in the spatial coupling of CaM to both Ca 2+ channels and CaM-dependent enzymes. The concentration of Ng in hippocampus has been estimated at 65 μM [73] . All kinetic parameters are obtained from literature [59] .
Nitric oxide synthase (NOS).
NOS is a 155 kDa [118] , PSD-associated [119] enzyme expressed in CA1 pyramidal cells of the mammalian hippocampus [120] . Its activation is dependent upon the binding of Ca 2+ /CaM [121] in a 1:1 stoichiometry [19] . NOS catalyzes the formation of nitric oxide and citrulline from arginine [121] . The active form of NOS is a homodimeric complex [122] . However, because our model is non-spatial and generally ignores catalytic processes, NOS is modeled in its monomeric form. NOS is found in 100x diluted, homogenized rat striatum at a density of 0.7 μg/mL [123] , corresponding to a concentration of 0.45 μM. Because the density of NOS is 1.5 times greater in the CA1 region of hippocampus than in striatum [124] , and because NOS is localized to dendritic spines, a concentration of 1 μM is used. All kinetic parameters are either obtained from literature [15, 18] , or calculated based on previously described assumptions. Calcium (Ca2+). In response to a single presynaptic action potential, the transient opening of postsynaptic NMDARs in hippocampal dendritic spines generates a single spike in free Ca 2+ concentration that peaks at 12 μM and, as Ca 2+ is rapidly buffered, decays with a time constant of 12 milliseconds [125] . Therefore, free Ca 2+ fluxes into the system by the equation, [Ca](t) = 12e -t/0.012 . In our model, this function is a fixed boundary condition, meaning that the total Ca 2+ concentration in the system is not conserved over the course of the simulation. Free Ca 2+ is introduced into simulations at frequencies ranging from 0.1 Hz to 1 kHz, which spans one order-of-magnitude past the range of frequencies used in LTD-and LTP-inducing experimental protocols [33, 34] . Before the introduction of free Ca 2+ into the system, all simulations are run to steady state for 600 seconds to equilibrate Ca 2+ -independent binding events.
Model analysis
We use the total concentration of CaM-bound protein as a primary output parameter. This is contrary to most published computational models, which investigate the concentration of Ca 2+ -saturated CaM (CaM 4 ) bound to each protein. This approach is preferred for three main reasons. First, although most CaM-dependent enzymes are maximally activated by binding CaM 4 , sub-saturated forms of CaM have also been found to activate these enzymes, albeit at a lower catalytic rate [57] . Therefore, the concentration of CaM 4 -bound enzyme does not represent the total concentration of active enzyme. Second, not all binding sites in our model increase in catalytic activity upon CaM binding. For these proteins (Ng and AC8-Nt) the CaM 4 -bound concentration is no more relevant than the concentration bound to apo-CaM or, for that matter, any other sub-saturated form. Third, CaM-binding to non-catalytic sites has been found to influence CaM availability to CaMdependent enzymes [89, 117] , suggesting an important physiological role for minimally-active, yet still CaM-bound, enzymes. Therefore, although the total concentration of CaM bound to each binding site is not a direct measure of its activation, it provides important information about patterns of enzyme activation that cannot be inferred from the concentration bound to CaM 4 alone. To obtain a representative measure of total CaM-binding during Ca 2+ spiking at a particular frequency, the average value (henceforth designated the average bound concentration, C b ) is calculated by Eq 1:
Where the subscript b indexes the binding partners, so the average bound concentration for a given binding partner (C b ) is found by integrating the total concentration of that binding partner (T b ) bound to each CaM state (CaMN i C j , i and j = 0, 1, or 2) over the stimulation period (t o until t f ) and dividing by the stimulus duration (t f -t o ). To measure relative levels of CaM-binding across various proteins and experimental conditions, for each binding partner we normalize C b by its peak value from among all the Ca 2+ frequencies simulated.
We observe that for competitive models, the frequency range at which C b peaks may shift or narrow relative to the isolated case. To quantify this tuning, we define a metric of frequency specificity (S b ), where the subscript b indexes the binding partners. A binding partner with high frequency specificity is one that most significantly binds CaM over a narrow range of frequencies; correspondingly, this binding partner's frequency-dependence curve would have a tall, narrow peak. First, the frequency-dependence curve is integrated and then normalized by the maximum C b (Eq 2). We also divide by the total simulated frequency range and subtract from 1 to report S b as a metric that identifies the most strongly tuned binding partners. In Eq 2, f denotes Ca 2+ frequency.
Sensitivity analysis. To determine which parameters most greatly impacted our models' outputs and, therefore, which may benefit most from further characterization in future experiments, we conducted two sets of global sensitivity analyses using Latin Hypercube sampling (LHS) to efficiently sample the input parameter space and partial rank correlation coefficients (PRCC) to quantify the results [75] . In one set, we fixed the kinetic rate constants and investigated the impact of variations in initial concentrations on the average bound concentrations (C b ) of the eight CaM binding partners. In the second, we fixed the initial concentrations and investigated the impact of variations in kinetic rate constants. Each of these analyses was performed at low (1 Hz), moderate (10 Hz), and high (100 Hz) frequency Ca 2+ oscillations, allowing us to observe how the impacts of parameter variations change with frequency (see S2 Appendix). To control for total Ca 2+ introduced, oscillations were limited to 10 concentration spikes, regardless of frequency. In Tables 1 and 2 , we present the results of our 10 Hz sensitivity analysis, listing the parameters that most strongly influence each C b .
Although their experimental ranges span several orders of magnitude, the kinetic binding constants of CaM 4 (Fig 3) . In each simulation, 10 Ca 2+ fluxes (not plotted) were introduced at 10 Hz, corresponding to the logarithmic midpoint of our chosen frequency range. In Fig 3, with each subsequent Ca 2+ spike in the competitive model, it does not change in the isolated model. Therefore, the dynamic behavior of CaM targets in cellular environments cannot necessarily be inferred from computational studies that model them in isolation. Finally, although competition attenuates the CaM-binding of all binding partners, the magnitude of their attenuation varies considerably in our model. For example, while NOS experiences virtually no change in CaM-binding in the presence of competitors, CaN experiences a more than 20-fold reduction in CaM-binding in the competitive model. Therefore, the binding partners are unequally competitive under the simulated conditions. From these observations, we hypothesize that the competitiveness of each binding partner (i.e., the ability of a binding partner to bind CaM in the presence of other binding partners) might not be absolute and, instead, that the competitiveness of each protein may change across environmental conditions. In this case, competition for CaM is well-positioned to serve as a tuning mechanism, suppressing the CaM-binding of each binding partner for all but a small range of internal conditions and external stimuli and allowing for the tight control of enzyme activation needed for the precise regulation of LTP, LTD, and other neurological processes. Therefore, we investigate how competition may tune the CaM-binding of each neuronal protein to certain Ca 2+ frequencies.
Competition tunes CaM binding to certain Ca 2+ frequencies
To investigate our hypothesis that competition affects the frequency-dependence of CaMbinding, we construct frequency-dependence curves for all eight CaM binding sites (distinguishing between each AC8 terminus) using both the isolated and competitive models (Fig S2 in S1 Appendix). The frequency dependence of C b is then projected onto heat maps (Fig 4A  and 4B ). For all simulations, Ca 2+ oscillations consisted of 100 concentration spikes ranging from 0.1 Hz to 1 kHz. The introduction of competition shifts the frequency-dependence curves of almost all binding partners. For some, such as AC1, AC8-Ct, CaMKII, and MLCK, this shift is slight, but apparent. For other partners, such as AC8-Nt and CaN, this shift is dramatic. In the competitive model, maximal CaM-binding occurs at frequencies almost one order of magnitude lower for AC8-Nt (10 Hz in the competitive model, as compared to 60 Hz in the isolated model). For CaN, maximal CaM-binding occurs at frequencies over two orders of magnitude lower (0.3 Hz in the competitive model, as compared to 80 Hz in the isolated model). For NOS, a frequency shift is present but not visible in Fig 4B. Although, as stated earlier, total CaM-binding and enzymatic activation are not the same (particularly for CaN, which is subject to dual regulation by Ca 2+ /CaM and CaNB), it is worth noting that CaN is activated by low, but not high, frequency stimulation in vivo [33] . Therefore, it would be expected that maximal CaM-binding of CaN occurs at a similarly low frequency. The fact that this held true in the competitive, but not in the isolated, model suggests that the in vivo frequency-dependence of CaN may be reliant upon the presence of cellular competitors. Because of both the established role of CaN in LTD induction [36, 64] and the demonstrated ability of low frequency stimulation to induce LTD [33] , our results further suggest that competition for CaM may be essential to normal LTD induction. Furthermore, because activated CaN downregulates LTP induction [63] , competitive suppression of CaMbinding to CaN at high frequencies may be equally essential to normal LTP induction. Competition tunes frequency-dependent response of Ca2+/calmodulin signaling networks To investigate the effects of competition on each CaM binding partner's level of preference for a certain frequency range, we used the frequency-dependence curves to calculate the frequency specificity of each binding partner in both the isolated and competitive models as defined in Eq 2. If a binding partner were only active at one frequency, it would have a frequency specificity of 100 percent.
The introduction of competitors sharpens the frequency-dependence curves of almost all binding partners, as also indicated by increased frequency specificity values in the competitive models relative to the isolated models ( Fig 4C) ; frequency specificities increased for AC1 (42.80%, as compared to 38.73%), AC8-Nt (58.55%, as compared to 24.79%), CaN (39.13%, as compared to 27.19%), CaMKII (54.17%, as compared to 37.89%), MLCK (27.45%, as compared to 5.70%), Ng (58.23%, as compared to 16.64%), and NOS (1.77%, as compared to 0.08%). The sole decrease, AC8-Ct, was small (37.86%, as compared to 39.50%). Therefore, competition for CaM not only regulates CaM-binding by changing the frequencies of maximal CaM binding, but also by narrowing the range over which appreciable CaM binding occurs.
Competition for CaM mediates Ng/CaMKII crosstalk
Two studies have reported decreased CaMKII autophosphorylation and CaMKII activity in CA1 hippocampal slices harvested from Ng genetic knockout (Ng -/-) mice [126, 127] . Although both studies reported about a 30% decrease in CaMKII autophosphorylation and CaMKII activity, they were in disagreement concerning the effect of the genetic knockout (Ng -/-) on LTP induction. Pak et al. (2000) found that wild type (Ng +/+ ) mice required a single tetanus to achieve potentiation, while Ng -/-mice required multiple tetanic stimulations [126] .
In direct contrast, Krucker et al. (2002) found that Ng -/-mice required only a single tetanus to induce LTP [127] . Despite these inconsistent results, both sets of authors suggested that this phenomenon may be caused by abnormal regulation of local Ca 2+ and CaM concentrations, a proposal that has since been supported by several studies. We hypothesize that these phenomena could be explained by competitive tuning. We simulate autonomous CaMKII activation by extending our model according to a previously-published model of CaMKII autophosphorylation by Pepke et al. (see Fig 6 in [39] ). In that work, two CaM-bound (active) CaMKII monomers form a complex that enzymatically catalyzes the phosphorylation of one of the monomers. We stimulate this extended model according to an LTP induction protocol followed by Krucker et al., in which hippocampal slices were subjected to two tetanic stimuli of 100 pulses at 100 Hz, 20 seconds apart. Using this protocol, we assess our isolated (Fig 5A) and competitive (Fig 5B) models' responses to simulated Ng knockout at 600 seconds after the last stimulus. Normalized results from the same experimental stimulation protocol by Krucker et al. are shown in Fig 5C (see activity data in Fig 1F in [127] ).
In the absence of other competitors, the isolated model elicits similar levels of CaMKII autophosphorylation (pCaMKII) whether in the presence or absence of Ng. That is, the complete removal of Ng, which competes with CaMKII for CaM, results in only a slight increase in pCaMKII (Fig 5A) . In contrast, in the presence of competitors for CaM, simulated Ng knockout decreases pCaMKII levels by 44% compared to WT (Fig 5C) . Notably, this decrease in pCaMKII is quantitatively similar to the roughly 33% loss of Ca 2+ -independent CaMKII activity indicated by Krucker et al. [127] This interpretation predicts that the decreased CaMKII autophosphorylation and activity seen in the Ng -/-knockouts occurs as a result of increased CaM-binding to other partners. To identify which other partners most preferentially bind CaM upon decreasing Ng, we first employ "semi-isolated" models containing only Ng and one of the seven other CaM binding partners (Fig 5D) . Semi-isolated models are utilized in Fig 5D to help ensure that shifts in binding partner activation with decreasing Ng are in fact due to decreasing Ng. The partners that experience the greatest relative increase in CaM-binding as Ng concentration is decreased are AC8-Ct and AC8-Nt (calculated according the average CaM bound concentration, C b , in Eq 1). A more pronounced increase in the average bound concentration of AC8-Ct and AC8-Nt is seen in full competitive model simulations at decreasing Ng concentrations (Fig 5E) . This could indicate that the decrease in CaMKII autophosphorylation and activity in Ng -/-mice is due to the shift in availability of (that is, the competition for) CaM due to its increased binding to AC8 during high frequency stimulation. To investigate this, the average bound concentrations of AC8-Ct and AC8-Nt are summed together into AC8 in Fig 5E and plotted along with the average bound concentration of CaMKII as a function of initial Ng concentration for both isolated and competitive model simulations. CaM-binding to AC8 appears sufficient to explain these changes, with the amount of increase in the average bound AC8 concentration at decreasing Ng concentration closely mirroring the decrease in the average bound CaMKII concentration.
Discussion
In the present study, we use a system of ordinary differential equations to model the dynamic interactions of Ca
2+
, CaM, and seven CaM target proteins implicated in LTP and LTD of hippocampal synapses. By developing both "isolated" and "competitive" models of this system, we observe competition among these target proteins for CaM-binding and investigate competition's role in regulating the frequency-dependent activation of downstream CaM binding proteins. The dynamic behavior of our model is largely determined by kinetic rate constants that describe the binding of CaM to Ca 2+ and CaM binding to downstream binding to CaM binding proteins. Our models are parameterized using published values where available, and are calculated by applying experimentally supported assumptions and the thermodynamic principle of microscopic reversibility. Global sensitivity analyses are performed to determine the impact of these assumptions on our conclusions, and we find that very few of the parameters that significantly impacted our results are derived from these assumptions. One of the major results of this work is that competitive binding could be among the mechanisms by which protein activation is dynamically tuned and regulated. We find that the Competition tunes frequency-dependent response of Ca2+/calmodulin signaling networks presence of competitors affects not only the concentration of all respective CaM-bound proteins, but also the CaM-binding dynamics of these targets. Based on the results of the present work, we recommend at least the inclusion of Ng into models simulating the activation of CaM-dependent proteins in response to low frequency Ca 2+ transients and the inclusion of CaMKII into models simulating the activation of CaM-dependent proteins in response to high frequency Ca 2+ transients. Based on the results of our global sensitivity analyses, these two proteins appear to have the most significant impact on the CaM-binding of other CaM targets at these frequency ranges.
Another major result of this work is that competitive tuning may be able to explain the counter-intuitive results from studies of Ng knockouts in mice (Ng -/-) in which CaMKII autophosphorylation and activity levels were seen to decrease in the Ng -/-compared to WT.
Our results suggest that under tetanic stimulation and normal initial Ng concentration, Ng buffers CaM from AC8 but not CaMKII. At low concentrations or in the absence of Ng, AC and particularly AC-Ct, is able to bind more CaM, while CaMKII binds less CaM (Fig 5F) . Although the K D value of CaM 4 binding to CaMKII and AC-Ct are only within 2-fold of each other (1.7 μM and 0.8 μM, respectively), they exhibit very different binding dynamics based on their binding of sub-saturated CaM (CaM 2C and CaM 2N ). This is best seen in Fig 3. For AC-Ct, the dominant species of CaM that binds is CaM 2N , making up greater than 50% of the total CaM species bound to AC-Ct. In contrast, for CaMKII there is no dominant species of CaM that binds; CaM 2N and CaM 4 are major contributors to the total CaMKII-CaM bound species. The binding dynamics of CaM-CaMKII interactions that are seen in the competitive model suggest, as previous work has suggested [39] , that CaMKII binds to CaM 2C and this CaM 2C is then converted to CaM 4 while still bound to CaMKII, as noted by the coincident decline in CaMKII-CaM 2 and increase in CaMKII-CaM 4 in Fig 3 and S3 Fig in S1 Appendix. The binding dynamics of AC8-Ct seem to indicate that AC8-Ct binds CaM 2N and stays bound until the next Ca 2+ spike. Thus, we hypothesize that AC8-Nt is able to out compete CaMKII for CaM binding in absence of Ng because of its relatively high affinity for CaM 2N . Since the dynamic behavior that we see in the competitive model is so dependent on the rate parameters it would be ideal if more of them could be experimentally determined in the future. To test the hypothesis that AC8 activity would be increased in a Ng -/-model, we suggest an experiment in which cAMP production is measured in CA1 hippocampal slices from Ng +/+ and Ng -/-mice while employing forskolin and specific AC1 blockers to control for cAMP production by AC1 and G protein activation, respectively. If our proposed model is accurate, then increased cAMP production will be observed in Ng -/-mice.
Protein networks for which the initiating ligand is a limiting resource, such as the Ca 2+ /CaM network studied here, are common in biology. As in vivo ligand concentrations often approach the dissociation constants of their binding partners, the concentration of bound ligand could exceed that of free ligand, resulting in the phenomenon of ligand depletion [128] . Ligand depletion, as described by Edelstein et al., reduces cooperative interactions and broadens the range of signals to which the ligand is most responsive. It may be that we observe ligand depletion phenomena in our isolated models (Fig 4A) , given the broad range of Ca 2+ frequencies at which many binding partners are activated, especially for AC8 and MLCK. However, if ligand depletion really were the predominant regulatory phenomenon, we would expect that by introducing more binding partners (Fig 4B) , the broadening effect of ligand depletion would become more conspicuous. Instead, we see a shift and narrowing of the Ca 2+ frequencies over which the binding partners are activated. Thus, we are confident that it is competition among the CaM-binding proteins that is the mechanism underlying this tuning behavior. Because competition seems to be important in our neuron-based model, we sought to compare our results to a different biological system with Ca 2+ /CaM-dependent signaling. [130] [131] [132] . Indeed, because we describe Ng as freely diffusing, it is possible our model exaggerates the ability of Ng to compete for CaM relative to other proteins in our model. Therefore, it would be interesting to assess whether a competitive model accounting for membrane localization can still explain the paradoxical effect of Ng -/-on CaMKII autophosphorylation.
Together, our results suggest that the frequency-dependence of CaM targets observed in vivo is not an inherent property of these proteins, but rather may be an emergent property of their competitive environment. This competitive tuning may provide a mechanism by which otherwise-independent protein pathways can engage in crosstalk through the limited availability of CaM. We propose that competitive tuning, alongside binding dynamics, feedback loops, and spatial localization, may serve as a major regulator of CaM target protein activation. Furthermore, we have attempted to explain the paradoxical decrease in CaMKII activity seen in Ng -/-mice as a result of the dysregulation of this competitive tuning mechanism. In the absence of spatial effects or aperiodic variations in free Ca 2+ concentration, competitive tuning is able to offer an explanation for this phenomenon. It is important to note that other proteins, mechanisms, or pathways not included in this model likely lend robustness and further regulatory mechanisms of this phenomenon. Further, it is unlikely that seven CaM-target proteins studied here are the only CaM target proteins that engage in this type of crosstalk through limiting CaM. If competitive tuning facilitates crosstalk among CaM binding proteins, then genetic disorders, neurological diseases, normal aging processes, and therapeutics that disrupt any one CaM target protein may have non-intuitive effects that extend into other signaling pathways. Computational modeling and analysis will continue to play a large role deciphering these oft counter-intuitive regulatory mechanisms that when disrupted, give rise to complex neurological disorders and other important diseases.
Methods
Simulation methods
All numerical integration and data manipulation were performed in Mathematica as described in Model Analysis. Reaction equations were implemented using Mathematica [133] with the XCellerator package [134] . 
where i and j = 0, 1, or 2.
For simulations involving autophosphorylation of CaMKII, we extend the system of differential equations generalized in Eq 3 to describe formation of a complex between two active (CaM-bound) CaMKII monomers (Eq 4). Finally, complexes of CaMKII monomers react such that one monomer behaves as an enzyme and the other becomes the phosphorylated substrate (Eq 5). As stated, we refer directly to the previously-published model of 
Sensitivity analysis
Despite our best efforts to constrain our models' parameter values to those that have been experimentally-measured or those which can be calculated by the principle of thermodynamic equilibrium, it was still a valuable exercise to investigate the effects of the previously-described calculations and assumptions on model conclusions. Therefore, a global sensitivity analysis was used to investigate how uncertainty in parameter values impacted model outputs. Latin hypercube sampling (LHS) was used to simultaneously sample input parameter spaces, and partial rank correlation coefficients (PRCC) were calculated to measure the correlation between variation in parameter values and variation in model outputs. These methods have been previously described (see [39, 75] ). In short, for each CaM target, a uniform probability distribution of input parameter values was assumed to either span the experimental range specified in S1 
